In polymer electrolyte fuel cells (PEFCs), a gas diffusion layer (GDL) is a critical component to prevent flooding and to improve the cell efficiency under high current density operation. To advance the experimental method for evaluation of liquid water transport in GDL, this study proposes a method, termed scale model experiments. In this method, enlarged GDL structures are reproduced by a 3D printer, and simulated water behavior is observed with similarity conditions satisfying the flow in the GDL. The lattice Boltzmann simulation is applied to the enlarged model experiments and identifies dominant forces in the water dynamics. First, simulations are conducted to compare flow patterns at two different scales of GDL, the actual scale and 313 times enlarged structures, with combinations of two immiscible fluids. The results suggest that fluid behavior can be considered similar at the different scales, when the Capillary number is low enough for the flow to be dominated by capillary forces, at Ca = 3.0×10 −3 , with the additional condition of negligible buoyancy. Next, experiments with two types of 313 times enlarged GDL structures are conducted with silicone oil and water of similar densities, and the flows are compared to the simulation results. These suggest that the water transport in the GDL can be successfully reproduced by the enlarged model experiments. As similarity conditions, the Weber number must be kept below the order of 10 −1 to suppress inertial forces as well as the Capillary number must be below the order of 10 −3 for smaller viscous forces. Careful attention must be paid to the viscous forces of the two fluids in a relatively-uniform structure GDL. Finally, an experiment of water transport in the GDL with a channel is demonstrated, showing the effectiveness of the proposed experimental approach for designing GDL structures tolerant to flooding.
Introduction
The polymer electrolyte fuel cell (PEFC) is an energy conversion device with high efficiency and low emission characteristics, and the practical use has started in the applications of power sources for automobiles and distributed cogeneration systems. For further widespread use, cost reductions are essential, and one issue is to increase the power density, improve the efficiency at higher current density operation. Flooding phenomena are serious problems in fuel cell operations with high current densities: the excess water generated by the cathode reaction condenses in the cell and prevents supply of the reactant gases, resulting in performance deterioration. Because the water generated at the cathode catalyst layer is removed through a gas diffusion layer (GDL) to gas flow channels, the GDL plays an important role in realizing the efficient water removal and reactant supply. However, a commonly-used GDL has a complex micro-scale structure consisting of carbon fibers, and a precise evaluation of the liquid water transport in the GDL still remains a challenge.
To evaluate the water transport in the GDL, numerical simulations with various models have been developed.
Analysis of the possibility of scale model experiments using lattice Boltzmann simulations 2.1 Liquid water transport in a GDL
Liquid water transport in hydrophobic GDL of PEFC is known to be governed by capillary forces (Sinha and Wang, 2007) , (Mukherjee et al., 2009) . The gravity and inertial forces are negligible in the complex GDL structure with significantly small pore sizes around 20~30 m, and the effect of viscous forces is also smaller than the capillary forces due to the low flow velocity. Further, it may be assumed that the gas flows inside of a commonly-used GDL are very weak and that the water transport is little affected by the gas flow. Fluid displacement motion of a wetting phase by a non-wetting flow in the absence of buoyancy forces can be characterized by two non-dimensional numbers (Lenormand et al., 1988) : the Capillary number which represents the ratio of the viscous to the capillary forces, Ca = u nw /, and the ratio of the two viscosities, M =  nw / wet . The u is the velocity of the non-wetting phase,  nw and  wet are the viscosities of the non-wetting and wetting phases, and  is the interfacial tension. For a typical fuel cell application, the capillary number, Ca, is in the range of 10 −5~1 0 −8 in the GDL, the ratio of the two viscosities, M, is around 18, and the two-phase flow falls in the regime of capillary fingering in the phase diagram proposed by Lenormand. There, the Capillary number and the ratio of the viscosities do not include the length scale, and this would allow the water motion in the GDL to be treated similarly by adjusting the non-dimensional numbers in an enlarged model. Using the two-dimensional lattice Boltzmann simulation, the authors have previously showed that two-phase flows are similar in the simplified GDL and in a 10 times enlarged structure, when the capillary number is the same, and in slow velocity conditions (Tabe et al., 2009 ). The authors also assumed the possibility of a scale model experiment, and applied it to investigate possible limits to the inlet velocity for equal flow patterns (Sakaida et al., 2017) .
Based on the above background, this study develops the scale model experiment by identifying the forces dominating flow patterns in larger scale GDL with different combinations of two immiscible fluids. First, the following section provides a detailed discussion of the scale effect on water transport in a GDL model enlarged 313 times using a lattice Boltzmann simulation.
Simulation method
The lattice Boltzmann method (LBM) simulates mass and heat transport phenomena by tracking movements of particle ensembles where the velocities are restricted by a finite set of vectors. The particle population is expressed by distribution functions, and the time evolution of the distribution functions is calculated by a simple law of collision and transition. Additionally, it is possible to simulate multi-phase flow by introducing interaction between the particles in the equation. Because of the simplicity of the algorithm, the LBM has a number of advantages: flexibility for complex boundary geometries, simplicity for parallel computing, and accurate mass conservation. In multi-phase flow, tracking interfaces is not needed and distinct interfaces are maintained without any artificial treatment. This makes the LBM suitable for two-phase flow simulations with complex boundary geometries such as in a GDL.
To increase the computational speed of large scale three-dimensional simulations in the complex GDL structure, the LBM for two-phase flow with the same densities, considering the effect of wettability, was developed by the authors (Sakaida et al., 2017) . Using the LBM, they showed the maximum limit of the Capillary number that maintains flow patterns similar to the precise simulation, and demonstrated large scale simulations covering a channel to investigate the effects of pore uniformity in the GDL on the water motion up into the channel. In the simulation model, the non-dimensional variables are defined by a characteristic length L, a characteristic particle speed c, and a characteristic time scale t 0 = L/U, where U is a characteristic flow speed (Inamuro et al., 2003) ; "non-dimensional" terms are represented by a circumflex in this paper. A three-dimensional 15 velocities model (3D15V model) was used where the velocities of particle ensembles are restricted to the i cˆ (i = 1,2,…,15) vectors (Sakaida et al., 2017) . Two particle velocity distribution functions, i fˆ and i ĝ , are used. The i fˆ function is used for the calculations of the order parameter ˆ which distinguishes the gas and liquid phases: the condition at the interface between the liquid and gas phases. The i ĝ function is used for the calculation of the velocity of the two-phase fluid. The time evolutions of i fˆ and i ĝ with particle ensemble velocity i cˆ at point x at a time t are computed by the following equations.
Here, , where x  is the spacing of the cubic lattice points. The order parameter ˆ distinguishing two phases and the velocity of a two-phase fluid û are obtained from the following equations using i fˆ and i ĝ .
Here, ˆ is the coordinate perpendicular to the interface, and A is a constant parameter related to the fluid viscosity. The effect of wettability is introduced by assuming the order parameter ˆ of the solid wall. Since the intermolecular force is expressed in terms of the order parameter of the fluid in the LBM, giving the order parameter of the solid wall corresponds to giving the intermolecular force between liquid and the solid wall.
Simulation results and discussion
Flows in a 313 times enlarged model with three combinations of two immiscible fluids were compared with the water flow in an actual scale GDL. The simulation conditions of the four cases are detailed in Table 1 , and Fig. 1 shows front and side views (left and right in each panel) of the results. In the simulations, gravity is disregarded. The GDL structure was reconstructed from X-ray measurement results of an actual GDL (TORAY, TGP-H-60), and corresponds to the structure used in Fig. 5 (b) of (Sakaida et al., 2017) . The GDL fibers are set as solid walls. The additional bottom layer of the domain simulates an MPL which is treated as a solid wall with a crack, an inlet opening at the center of the layer. Liquid flows into the simulation domain from this opening with a constant flow rate. In Fig. 1 , t* under the panels shows the non-dimensional time, which is normalized by the time required to fill the volume of all the pores with the inlet flow rate. The contact angles of the GDL fibers are set as 130°, a value obtained from the literature (Schulz et al., 2007) , by adjusting the order parameter of the solid wall. The top of the simulation domain is the outlet boundary, and the four sides of the simulation domain are solid walls. The contact angles of the MPL and the four sides are also set as 130°. In the LBM, the thresholds of the gas and liquid phases for the order parameter are set at
, and the other non-dimensional parameters are detailed in (Sakaida et al., 2017) . Case 1 in Table 1 is a reference case for the water flow in an actual scale GDL. The sizes of the GDL and the MPL Table 1 without the influence of gravity: (a) water flowing into air with the actual GDL scale (case 1), (b) water into air with the 313 times enlarged scale (case 2), (c) water into silicone oil with the 313 times scale (case 3), and (d) silicone oil into water in the 313 times scale (case 4). The t* under the panels is the non-dimensional time, which is normalized by the time required to fill the volume of all the pores with the given inlet flow rate.
Tabe, Sakaida and Chikahisa, Journal of Thermal Science and Technology, Vol.13, No.2 (2018) 2017). The water and air viscosities are  L = 4.04×10 −4 Pa•s and  G = 2.30×10
−5 Pa•s respectively, and the interfacial tension between the two phases is  = 6.40×10 −2 N/m. In Table 1 , the ratio of the two viscosities, M =  L / G , and the
2 L pore /, which represents the ratio of the inertial to the capillary forces, are also shown. Here, L pore is the characteristic length, and the values of 10 μm for case 1 and 3.1 mm (= 10 μm × 313) for cases 2 to 4 were used as the scales similar to the GDL pores (Mukherjee et al., 2009 ) and the inlet opening of the MPL. In the simulation results ( Fig. 1(a) ), the liquid water flow does not enter dense fiber regions. After filling relatively-wide pores in the lower part at t* = 0.13, the liquid proceeds with numerous twists and turns to the pores in the middle part at t* = 0.28. The liquid reaches close to top surface of the GDL through the upper pore at t* = 0.42. Case 2 enlarges the scale to 313 times that of case 1. The sizes of the GDL and the MPL structures in Fig. 1 (b) are 25 mm × 25 mm × 45 mm and 25 mm × 25 mm × 5 mm, and the whole domain (25 mm × 25 mm × 50 mm) is also divided into 50 × 50 × 100 cubic cells. The inlet velocity with Ca = 3.0 × 10 −3 is the same as in case 1 because the Capillary number does not include a term for the scale. Instead, the time step of the LBM increases 313 times as the time step is determined to be proportional to the width of the cubic cell, resulting in a similar computation load with the much larger scale. It is noteworthy that the simulation results in Fig. 1(b) show that the liquid water behavior in the 313 times enlarged GDL is substantially similar to that in the actual scale GDL (case 1) in Fig. 1 (a) throughout the transport process. This suggests that potentially the enlarged model experiment will reproduce the water transport in the much smaller GDL. The water penetration, however, tends to be more pronounced, possibly because the effect of inertia becomes larger with the large Weber number in the enlarged GDL. Cases 3 and 4 simulate the enlarged model experiments. In the experiments with the much larger scale, the effect of gravity increases greatly and is not negligible. The Bond number,
/, which represents the ratio of buoyancy to capillary forces, is proportional to the square of the characteristic length, L pore . In this study, water and silicone oil with similar densities were selected as two immiscible fluids to decrease buoyancy effects, adjusting the viscosity ratio. The densities of water and silicone oil at room temperature (25°C) In the simulation results in Figs. 1(c) and (d), the liquid water transports in cases 3 and 4 are both similar to that in case 1 in Fig. 1(a) even though different fluids are used with the much larger scale (313 times). Further, the water penetration tends to be suppressed compared to case 2 using water and air. Overall, the results suggest the usefulness of the model experiment with the much larger-scale GDL using water and silicone oil. The weak water penetration may be because of the lower Weber number, as shown in Table 1 
Evaluation of the scale model experiments 3.1 Experimental apparatus and methods
Figure 2(a) shows a photograph of a 313 times enlarged GDL model produced by the 3D printer. The 3D printer used in this study is a ProJet®4500 (3D SYSREMS) with VisiJet C4 Spectrum. The resolution is 600×600 dpi and the layer thickness is 0.1 mm. In addition to the bottom layer simulating the MPL, the GDL fibers are supported by two sidewalls. As discussed in the section 2.3, water and silicone oil (SHIN-ETSU, KF-56A) are used as two immiscible fluids with similar densities, and in the experiments, these densities are accurately adjusted by controlling the temperature to 12°C in a thermostatic chamber, to minimize buoyancy effects. The contact angle was measured by placing a droplet of one fluid on a flat plate of the printed material in the other fluid. Figures 2(b) and (c) show photos of the contact angle measurements with two combinations: (b) the silicone oil in water and (c) water in the silicone oil. The measured contact angle of the silicone oil, which is dyed red, on the surface in water (Fig. 2(b) ) is 130° corresponding to that of water on the GDL fiber. In the reverse case, water in the silicone oil, the surface of the model was coated with silicone synthetic-resin, and the contact angle of water on the coated surface in the silicone oil was 129°, as shown in Fig. 2(c) .
The experimental setup for evaluating the water dynamics in the GDL model is shown in Fig. 3 . Acrylic plates are attached at the front and the right sides of the enlarged scale model to enable the observations, and the model is installed in a water or silicone oil bath placed in the thermostatic chamber. The colored silicone oil or water is injected into the GDL from the opening at the center of the bottom wall by pumping at constant flow rates. A motor-driven syringe pump (YMC, YSP-201) and a peristaltic pump (EYELA, RP1000) were used for the lower ( 
Ca
) inlet velocities, respectively. The injected fluid behavior is captured by two CCD cameras also placed in the thermostatic chamber, recording from the front and right sides through the acrylic walls.
Experimental results and similarity conditions
This section evaluates the similarity conditions for the water transport in the GDL structures, as also detailed in Fig. 12 . The scale model experiments corresponding to cases 3 and 4 in Table 1 on the water dynamics, the Capillary number was changed from 3.0×10 −5 to 3.0×10 −1 . Table 2 gives details of the conditions for the experiments (cases 3 and 4) and the simulation (case 1) with the Weber number changed from 3.2×10 −7 to 3.5×10 2 . In the experiment for case 4, the silicone oil is injected into water. Although the combination of two immiscible fluids is completely different from that in the actual fuel cell, the viscosity ratio, M = 17, is similar to that for water and air (case 1), M = 18, as in Table 1 . Further, the much lower Weber number for the Capillary numbers in Table 2 is achieved by adjusting the lower inlet velocity, something that is difficult in the numerical simulations due to the increased computational time, and the effect of inertia is suppressed in this way. This section starts with the discussion of the experimental results for case 4, comparing it with the simulated results for case 1. The region of the GDL structures were widened as compared with that in Fig. 1 to observe the water behavior in wider spaces, and two types of GDL structures (structures A and B) were used. These structures were selected from parts of an actual GDL (TGP-H-60), and correspond to those in Fig. 7 of (Sakaida et al., 2017) . The porosities of structures A and B are similar (structure A: 72%, structure B: 71%), but the pore arrangements are different. Structure A has a relatively inhomogeneous arrangement of pores along the height direction with larger pores locating around the middle parts, while the pore diameters in structure B are more uniformly distributed along the height direction. The results with structure A are shown in Fig. 4 : the front views of (a) the experimental results for case 4 and (b) the simulation results for case 1. For the experiments, the sizes of the GDL structures (structures A and B) and the MPL are 50 mm × 50 mm × 48 mm and 50 mm × 50 mm × 10 mm. The diameter of the inlet opening of the MPL is 3 mm. The sizes of the GDL and the MPL structures for the numerical simulations are 160 μm × 160 μm × 153.6 μm and 160 μm × 160 μm × 6.4 μm, and the whole domain (160 μm × 160 μm × 160 μm) is divided into 100 × 100 × 100 cubic cells. The cross-section of the inlet opening of the MPL is 12.8 µm × 11.2 µm (8 × 7 square cells).
In Fig. 4 , the fluid distributions just before reaching the top of the GDL structure at t* are shown for the different Capillary numbers. The Capillary number is controlled by the inlet velocity. In the experiments for case 4 (Fig. 4(a) ), applying the combination of the silicone oil into water adjusts the ratio of the two viscosities of M = 17 to that in the actual GDL condition. In the simulation results for case 1 with the actual scale (Fig. 4(b) ), the GDL fibers are made transparent in the lower panels and only the penetrating water is shown. Due to the higher computation load with the lower inlet velocity in the wider region of the GDL, the minimum Capillary number for the simulation is 3.0×10 −3 (case 1 in Table 2 ). From the simulation results, it is confirmed that the water transport depends on the Capillary number for case 1 between Ca = 3.0×10 −3 (u in = 4.8×10 −1 m/s) to Ca = 3.0×10 −1 (u in = 4.8×10 1 m/s). The water distribution differs considerably: as the Capillary number increases, the time t* when the water reaches the top of the GDL becomes earlier, and selective tortuous penetration is the most highly pronounced with Ca = 3.0×10 −3 , suggesting that the capillarity force is dominant. In this case, the larger amount of water fills the large pores in the middle region, while the water progresses diagonally through the narrow pores in the lower and upper regions. In the experiments for case 4 below Ca = 3.0×10 −2 (u in = 5.2×10 −2 m/s) in Fig. 4(a) , the silicone oil distributions are similar to the water distributions in the simulated result with Ca = 3.0×10 −3 in spite of using the 313 times enlarged scale model. This supports the idea that the water motion in the GDL can be reproduced by adjusting the Capillary number in an enlarged model. The comparison suggests that the combination of the silicone oil into water, which have similar densities and whose viscosity ratio is close to that of water into air, is effective for the scale model experiment. It must also be pointed out that the experiment identifies the similar distributions with the much lower Capillary number, Ca = 3.0×10 −5 , which is in the range of typical operation of a PEFC. This is in line with the suggestion from our previous investigation using the smaller GDL structure in Fig. 1 (Sakaida et al., 2017 ) that the water behavior in the GDL is independent of the Capillary number up to the value of Ca = 3.0×10 −3 . The water distributions with the higher Capillary numbers diverge from the distribution controlled by capillary forces, and this is caused by the action of the other forces, such as viscous and inertial forces, becoming the controlling forces. In this range, the water distributions of the experiment and the Table 2 are shown in Fig. 5 . In this case, water is injected into silicone oil, and the ratio of the two viscosities is M = 0.060, which is the reciprocal of that for case 4. However, the time t* when the water reaches the top of the GDL is similar to that in Fig. 4(a) up to the Ca = 3.0×10 −3 (u in = 8.6×10 −2 m/s) value, and this approximate agreement confirmed that the water distributions at the specified time are also similar to the water distributions in the simulated result with Ca = 3.0×10 −3 (Fig. 4(b) ). This indicates that the water transport is little affected by the viscous forces of the two fluids in this structure, up to Ca = 3.0×10 Table 2 ) using structure A for the different capillary numbers just before water reaches the top of the GDL at t*.
of the tips of the fluid penetration from the bottom of the GDL are plotted in Fig. 6 . The non-dimensional height, normalized by the total height of the GDL, is used for (a) the experimental results and (b) the simulation results. The water transport situation can be simply evaluated with this figure, although the tip of penetration progresses in the experiments, as determined from the observable fluid in the front view, is not sensitive to the motion obscured by the GDL fibers. In the simulation for case 1 (Fig. 6(b) ), stagnation in the penetration is clearly observed with Ca = 3.0×10 −3 around the non-dimensional height of 0.7, showing that the motion is controlled by the capillary forces.
Different motions with the higher Capillary numbers are expressed by broken lines in Fig. 6 . In the experiments for cases 3 and 4 ( Fig. 6(a) ), similar behaviours are confirmed below Ca = 3.0×10 −3 . In this range of the experiments, the times when reaching the top of the GDL are very similar. For the Capillary numbers higher than Ca = 3.0×10 −3 , the motion appears slightly different, and the times to reach the top are different. Thus, this figure is useful for a simple comparison of the fluid motion in the experiments. Additionally, the different behaviors are shown even with the same Capillary number in the experiments and the simulation for Capillary numbers above Ca = 3.0×10 −3 . This may be due to the higher Weber number as well as the higher Capillary number. When increasing the Capillary number, the Weber
2 L pore /, also becomes higher, and the values for the three cases are different, as in Table 2 . The effect of the inertial forces differs depending on the Weber number, and both of the viscous and inertial forces can be expected to affect the fluid transport in a complex manner even with the same Capillary number.
To evaluate the additional controlling forces, three simulations with imagined conditions in the actual scale GDL were conducted, and the results are shown in Fig. 7 . One is using 100 times fluid densities in case 1 with Ca = 3.0×10 −3 . In this condition, the inlet water velocity is not changed, but the Weber number becomes 100 times larger, We = 3.5, due to the 100 times increased density. The water distribution just before reaching the top of the GDL (Fig.  7(left) ) is similar to that in case 1 with Ca = 3.0×10 −2 and We = 3.5 (Fig. 4(b) ). Next ( Fig. 7(center) ), is with 1/100 times the fluid densities in case 1 with Ca = 3.0×10 −2 . The Weber number is decreased due to the 1/100 density, We = 3.5×10 −2 , and the distribution (Fig. 7(center) ) is similar to that with Ca = 3.0×10 −3 and We = 3.5×10 −2 (Fig. 4(b) ). These
We = 3.5 (100 times density) (t* = 0.20) Fig. 7 Simulation results with imaginary conditions in the actual size scale GDL using structure A. 100 times (left) and 1/100 times (center) of fluid densities, and a much higher gas viscosity (right) in case 1 of Table 2 .
We = 3.5×10 −2 (1/100 times density) (t* = 0.23) (a) Experimental results (cases 3 and 4 in Table 2 ) (b) Simulation results (case 1 in Table 2) suggest that the water transport is controlled not by the Capillary number but by the Weber number in case 1, and that inertial forces dominate the change in the water distribution with the higher Capillary numbers. The Weber number must be kept below the order of 10 −1 to suppress inertial forces. A further imaginary condition is using a much higher viscosity for the displaced gas,  G = 6.8×10
−3 Pa•s, adjusting the viscosity ratio, M = 0.060, in case 1 with Ca = 3.0×10 −3 and We = 3.5×10 −2 . The higher viscosity of the displaced fluid has a negligible effect on the water distribution as in Fig. 7(right) , and this supports the experimental results in Fig. 5 that the water transport is largely independent of the viscous forces of the injected and the displaced fluids in this structure below Ca = 3.0×10 −3 .
The investigations using structure B were conducted in the same manner as with structure A (Figs. 4 to 7) , with largely similar results. In the simulated results in Fig. 8(b) , the water motion depends on the Capillary number. The (b) Simulation results of water in air with the actual scale GDL (case 1 in Table 2 ) Ca = 3.0×10 −3 (t* = 0.48) Ca = 3.0×10 −2 (t* = 0.36) Ca = 3.0×10 −1 (t* = 0.22) Ca = 3.0×10 −5 (t* = 0.54) Ca = 3.0×10 −3 (t* = 0.54) Ca = 3.0×10 −2 (t* = 0.62) Ca = 3.0×10 −1 (t* = 0.42) (a) Experimental results of the silicone oil in water with the 313 times scale GDL (case 4 in Table 2) With GDL transparent Fig. 8 Experimental and simulated results using structure B for the different capillary numbers: colored fluid distributions of (a) the silicone oil in water with the 313 times enlarged scale GDL (case 4 in Table 2 ) and (b) water in air with the actual scale GDL (case 1) just before injected fluid reaches the top of the GDL at t*. Ca = 3.0×10 −4 (t* = 0.54) Ca = 3.0×10 −3 (t* = 0.52) Ca = 3.0×10 −2 (t* = 0.16) Fig. 9 Experimental results of colored water distributions in the silicone oil with the 313 times enlarged scale GDL (case 3 in Table 2 ) using structure B for the different capillary numbers just before water reaches the top of the GDL at t*.
water with Ca = 3.0×10 −3 branches and spreads more widely than in structure A (Fig. 4(b) ), with the differences caused by the differences in the pore arrangement. When large pores are concentrated at a specific height like in structure A, the water moves along the large pores without branching. In structure B where the pores are arranged uniformly throughout the GDL, there is more selectivity for the paths of the water, resulting in a branched distribution. The time t* when the injected fluid reaches the top of the GDL is similar up to the Ca = 3.0×10 −3 value in Figs. 8(a) and 9, and the front view of the water distribution in the simulation with Ca = 3.0×10 −3 (Fig. 8(b) ) is largely reproduced in the experiments of case 4 below Ca = 3.0×10 −2 (Fig. 8(a) ) and of case 3 below Ca = 3.0×10 −3 (Fig. 9) . However, sometimes there were irregular behaviors of the injected fluid observed in case 4 in structure B (not shown here). This may be due to the uniform pore distribution which may make the progress of the water penetration sensitive to deviations, and a slight difference in the surface condition of the enlarged model in the experiments could then cause the irregular penetrations. This suggests that a more careful treatment of the experimental conditions is necessary in scale model experiments with somewhat uniform distributions of the GDL pores. The extreme tips of the fluid penetration in structure B are shown in Fig. 10 . Stagnation in the penetration is observed in the simulation of case 1 with Ca = 3.0×10 −3 (Fig. 10(b) ), and the experimental results of case 4 below Ca = 3.0×10 −2 and case 3 below Ca = 3.0×10 −3 ( Fig. 10(a) ). In the simulation result using the 100 times fluid densities in case 1 with Ca = 3.0×10 −3 and We = 3.5 ( Fig. 11(left) ), the water distribution is very similar to that in case 1 with Ca = 3.0×10 −2 and We = 3.5 ( Fig. 8(b) ) in structure B. The front view of the water distribution using the 1/100 times fluid densities with Ca = 3.0×10 −2 and We = 3.5×10 −2 ( Fig. 11(center) ) is also similar to that with Ca = 3.0×10 −3 and We = 3.5×10 −2 ( Fig. 8(b) ), but the time to reach the top of the GDL becomes slightly later. Further, the water distribution in case 1 with Ca = 3.0×10 −3 and We = 3.5×10 −2 is changed by the much higher gas viscosity with M = 0.060 (Fig. 11(right) ). These suggest that, in structures like B with relatively-uniform pore distributions, the viscous force also becomes a controlling force together with the inertial forces, including the viscous force of the fluid displaced by the injected fluid. Fig. 11 Simulation results with imaginary conditions in the actual size scale GDL using structure B. 100 times (left) and 1/100 times (center) of fluid densities, and a much higher gas viscosity (right) in case 1 of Table 2 . Table 2 ) (b) Simulation results (case 1 in Table 2) These experimental and simulation results show that the enlarged model experiment can reproduce fluid behavior similar to that in the actual GDL during the operation of a PEFC which is controlled by capillary forces. We have introduced the combination of water and the silicone oil as two immiscible fluids with similar densities to be able to disregard buoyancy effects. Both of the fluid arrangements, the silicone oil into water and the water into silicone oil can be used, and here the silicone oil into water will reduce the effect of inertial forces when the Capillary numbers are similar. Additionally, with a largely uniform structure of the GDL pores, more attention must be paid to the effect of the viscous forces of the two fluids and experiments with much lower Capillary numbers may be necessary.
Ca
Based on the experimental and simulated results, the similarity conditions may be summarized as in Fig. 12 for the Capillary and the Weber numbers for flow in the GDL. The circles indicate the establishment of similarity and the crosses are for failures to establish similarity. The triangle is intermediate between the two. This figure clearly shows that the Capillary number should be set lower than the order of 10 −3 to suppress the viscous force and the Weber number should be lower than the order of 10 −1 to make the inertia negligible. These point to the need for the enlarged model experiments with larger scale models to pay careful attention to the limits of the Weber number.
Demonstration of a large-scale experiment in a GDL with a channel
This section demonstrates a large-scale experiment of water transport in a GDL with a gas channel. This experiment is suitable for investigation of larger scale phenomena, as the larger scale would drastically increases the computation load. Figure 13 shows the results of the experiment for case 4 in Table 2 and the simulation for case 1 with Ca = 3.0×10 −3 . The upper half of the two panels in Fig. 13 (a) is a gas channel, and the lower half of the panels is the A (Fig. 4 to 7) GDL structure with the MPL. In this experiment, the temperature was maintained at one value different from the 12°C in section 3, and a slight buoyancy effect was observed. For the simulation, the size of the gas channel is 160 μm × 160 μm ×160 μm, and the whole domain (160 μm × 160 μm × 320 μm) is divided into 100 × 100 × 200 cubic cells. The top surface of the gas channel is the outlet boundary, and the four sidewalls of the GDL and the gas channel are solid walls with the contact angle 130°. The simulation shows only the penetrating water with the GDL fibers invisible, and corresponds to that in Fig. 7 (a) of (Sakaida et al., 2017) . Basically, the fluid movement before reaching the top of the GDL is similar to that in the results without the added top gas channel, as in Figs. 4(a) and (b) . In the simulation (Fig. 13(b) ), the injected water entered the upper region diagonally and started to spread in the large pore after reaching around half the height of the GDL. After filling the pores in the middle region of the GDL, the water moves on to the upper region (left panel). When reaching the channel in the top half of Fig. 13 , the water is drawn up into the channel from inside of the GDL, and the water in the GDL breaks into two separate parts (right panel). This phenomenon can be explained by the pressure differences of the water in the channel and in the GDL, as discussed elsewhere (Litster et al., 2006) . As shown in Fig. 13(a) , the enlarged model experiment can reproduce the phenomenon arising after the introduced liquid reaches the channel as well as the water transport in the GDL. The droplet in the channel draws up the silicone oil inside the GDL and the level near the GDL surface recedes. The force drawing up in the enlarged model appeared to be slightly weaker, and further investigation is needed to determine the dominant forces in the water transport from the GDL into the gas channel. The comparison in Fig. 13 suggests that the enlarged model experiment is effective to investigate the effects of the gas channel on the water transport in the GDL. The scale model experiment can also be extended to evaluate water transport in a GDL with a land area and the effects of the wettability of the GDL and land without limitations due to widening the experimental area. A discussion of the effects of additional forces in the channel and on the land surface and development of the detailed evaluation method of the fluid dynamics in the scale model experiment are the next challenges, and the results here suggest the potential of the proposed experiment to evaluate the water transport in a large area of a GDL covering a channel and land. Further, various GDLs with different complex structures can be reproduced simply by a 3D printer, and the effects of the structure on the water transport can be observed as in this experiment. It may be concluded that the scale model experiment is an effective method to evaluate the water transport in a GDL with complex micro-scale structure.
Conclusions
The liquid water transport in a GDL is complex at the micro scale, and experimental approaches to show details of the phenomena are still a challenge. This study proposes a new method for a scale model experiment. In this method, enlarged GDL structures are produced by a 3D printer, and similar water behaviors are shown in the model at the appropriate similarity conditions. The lattice Boltzmann simulation was applied to discuss the potential of these scale model experiments and to identify dominant forces in the water dynamics. The major conclusions may be summarized as follows:
1. The simulation results of flows with various combinations of two immiscible fluids in a 313 times enlarged GDL structure were compared with the water flow in the actual scale GDL. The comparisons suggest that similar fluid behaviors can be obtained even in the enlarged scale structure by adjusting the Capillary number to low enough values for the flow to be dominated by capillary forces, 3.0×10 −3 , in the absence of buoyancy forces.
2. The experiments were conducted using silicone oil and water with similar densities in two types of 313 times enlarged GDL structures, and compared with the simulation of water transport in the actual scale GDL. The results showed that the enlarged model experiment can successfully reproduce fluid behaviors similar to those in a GDL under the operating conditions of a PEFC, which is controlled by capillary forces.
3. Based on the experimental and simulation results, the similarity conditions for the flow in the GDL was identified: the Capillary number should be lower than the order of 10 −3 for smaller viscous forces, and the Weber number should be lower than the order of 10 −1 to suppress the inertial forces. In relatively uniform structures of GDL pores, very careful attention must be paid to the viscous forces of the two fluids. being drawn up into the channel, can be reproduced, suggesting the effectiveness of the proposed experiment to evaluate GDL, land, and channel structures tolerant to flooding.
